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ABSTRACT 
 
This study aims at numerically investigating thermohaline fluid flow and its controlling 
factors related to the Devonian-age hydrothermal dolomitization in the Peace River Arch 
(PRA) area, Western Canada Sedimentary Basin.  Simulation results indicate that faults 
serve as important conduits for upwelling fluid flow, which may bring reactants and heat 
from depth into the shallower Wabamun aquifer for dolomitization.  Higher salinity 
distribution at depth impedes the upwelling hydrothermal fluid flow.  However, 
evaporative conditions at surface during active tectonic stage allow high saline fluids to 
move downwards into the aquifer but prevent hot fluids flowing into it from depth.  
Topography does not significantly influence the fluid flow patterns in the PRA.  
Therefore, buoyancy- and topography-induced fluid flow is likely not responsible for the 
hydrothermal dolomitization in the study area, and other driving mechanisms need to be 
investigated.  
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CHAPTER 1   
INTRODUCTION 
 
1.1 Background 
Hydrothermal or saddle dolomites are well known to host a great deal of oil and gas in 
North America.  In the Western Canada Sedimentary Basin (WCSB), it is estimated that 
more than half of the hydrocarbon reserves are hosted in the Devonian dolomites 
(Creaney et al. 1994).  
Due to the pervasive dolomitization of the Upper Devonian carbonate platform in the 
WCSB, the enhanced porosity in this platform facilitated large quantities of hydrocarbons 
to accumulate here and formed prolific oil and gas fields.  The fault-related dolomite 
reservoirs, located in the Upper Devonian Wabamun Group in Peace River Arch (PRA) 
region, have received wide and considerable attention by geologists due to their 
significant potential for undiscovered resources (Packard et al. 2001).  Studies in this area 
(e.g., Packard and Pellegrin 1989; Packard et al. 2001) indicated a hydrothermal fluid 
flow origin of the Parkland Play type reservoirs, which are interpreted to be a result of the 
vertical and/or lateral movement of hot basinal brines through fracturing/faulting zones 
developed in early and late Mississippian time and the associated interaction with host 
carbonates due to tectonic influences and sedimentary loading in the WCSB.  However, 
despite this general understanding, geologists continue to debate the origin, timing and 
mechanisms of subsurface fluid flow, heat and mass transport resulting in hydrothermal 
dolomitization. 
In this study, numerical modeling, integrated with the existing geochemical and other 
evidence, is employed to quantify the fluid flow, mass and heat transport, and their roles 
in forming dolomites in the fault-related reservoirs in the PRA region.  Chapter 1 
describes the geological setting in the PRA and the fundamental theory about modeling 
work; chapters 2, 3 and 4 report the simulation results based on a highly simplified model 
and a geologically more realistic model in which both buoyancy and topography-driven 
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fluid flow mechanisms are considered; and chapter 5 summarizes the main factors 
controlling fluid flow and its patterns responsible for hydrothermal dolomitization, and 
also discusses whether the considered fluid flow mechanisms are suitable for 
hydrothermal dolomitization within the Wabamun Formation in the PRA. 
1.2 Objectives of Study 
This study focuses on the numerical modeling of fluid flow, heat and mass transport 
associated with hydrothermal dolomitization.  The Wabamun formation in the PRA was 
chosen as a field example because of its pervasive dolomitization and hydrocarbon 
accumulation and also since it provides a unique example where hydrothermal fluid flow 
might have affected dolomite formation and other diagenetic process (e.g., silicification 
and chertification in the Parkland field). 
This study aims at testing the diagenesis model of hydrothermal dolomitization in 
Wabamun Group in the PRA.  In particular, our numerical modeling will attempt to 
resolve the following issues: 
1) simulating thermal convection, thermohaline convection, and mixed thermohaline 
convection related to hydrothermal dolomitization in the study area, 
2) evaluating the importance of major and minor faults (width, penetration depth and 
hydraulic properties) on fluid flow, and their role in controlling heat regime and solute 
transport, 
3) examining the role of major aquifer unit (hydraulic properties, connectivity with faults) 
in controlling hydrothermal fluid flow, 
4) addressing the effect of salinity variations on hydrothermal fluid flow, and 
5) quantifying the relative importance of buoyancy and topography in driving 
thermohaline fluid flow, and evaluating whether the combined fluid-driven 
mechanisms can produce an appropriate physical and chemical environment for 
dolomitization in the study area. 
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1.3 Geological Setting 
The WCSB is a northwest-southeast wedge of sedimentary rocks, extending from a zero-
edge on the Canadian shield westward to the Cordilleran foreland thrust belt with over 6 
km thickness (Porter et al. 1982); and it includes Alberta basin and Williston basin 
(Figure 1.1a, b).  The Alberta basin is a northwest-southeast trough in front of the 
foreland fold and thrust belt, extending eastward to the Canadian Shield.  The 
intracratonic Williston basin is centered in North Dakota, and extends into southern 
Saskatchewan and Manitoba.  The two basins are separated by the broad, low relief Bow 
Island Arch.  From Cambrian to Jurassic, mainly in the Devonian and Mississippian age, 
a thick platform of carbonate rocks were deposited, overlying the Precambrian crystalline 
basement; then an uplift started and generated a thrust-belt bounded foreland basin filled 
with siliciclastic sediments from Jurassic to Eocene. Maximum uplift happened in the 
Eocene.  Since then erosion began to develop and resulted in the present morphology of 
the basin (Hutcheon et al. 2000). 
The PRA (Figure 1.2a, b), one of only a few large-scale tectonic elements in the WCSB, 
is located in northwestern Alberta and northeastern British Columbia, relative to Prophet 
Trough and Peace River Embayment.  The fracture-associated pervasively dolomitized 
reservoirs are hosted in the Upper Devonian (Famennian) Wabamun Group in the PRA.  
Some oil and gas fields had been found here, for instance, Parkland and the adjacent Doe 
gas fields, Tangent oil field, Gold Creek oil field and Teepee oil field. 
The tectonic and depositional setting of the PRA is summarized as follows based on 
previous geological studies (e.g., Cant 1988; O’Connell et al.1990; Richards et al. 1994; 
Eaton et al. 1999). 
1.3.1 Tectonic setting 
The PRA represents a cratonic extension along pre-existing crustal weaknesses of a 
transform fault zone associated with an active oceanic spreading centre (O’Connell et 
al.1990).  The vicinity shale-dominated basin - the Prophet Trough is viewed as 
continuous with the Antler Foreland Basin (Richards et al. 1994).  The Peace River 
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Embayment was a fault-bounded, easterly-directed structural re-entrant of the Prophet 
Trough (O’Connell et al.1990). 
The PRA initially formed during the development of the Upper Proterozoic trailing 
margin.  The active and terminal collapse of the Arch and structural delineation of the 
Embayment may have commenced in late Famennian time, and evidence from the 
Parkland area indicates that syn-depositional extensional and shear deformation was 
occurring in early to early mid Tournaisian time (Eaton et al. 1999).  It is believed that 
this early period of structuring coincided in time with the hydrothermal dolomitization 
and silicification at the Parkland (Packard et al. 2001).  After a period of relative tectonic 
quiescence, differential fault-segmented subsidence, growth faulting and hydrothermal 
activity commenced again in late Visean time and continued to Taylor Flat age at least 
into Serpukhovian age; the result was the formation of the Dawson Creek Graben 
Complex (Barclay et al. 1990).  The tectonic origin of the Graben remains speculative, 
but these later graben-related extensional structures are critical to the development and 
configuration of the regional oil and gas traps.   
 The Phanerozoic tectonic evolution of the PRA region consists of three distinct phases 
(e.g., Cant 1988; O’Connell et al.1990).  Phase І is represented by the pre-Late Devonian 
development of the tectonically high PRA on the WCSB passive margin of proto-North 
America, the total deposition immediately to the north of the arch was several hundred 
meters thicker than it was to the south.   Phase ІІ of the PRA evolution started with early 
carboniferous collapse and reversal of its topographic expression from a highland arch to 
an embayment (Peace River Embayment).   During the early Carboniferous, an elongated 
zone of maximum subsidence formed along the northern margin of the Devonian PRA.  
In the late Carboniferous, tectonic inversion resulted in the localized subsidence along the 
former axis of the arch within the Dawson Creek Graben complex system.  Phase ІІІ of 
the PRA evolution was characterized by enhanced Mesozoic subsidence within the PRE 
and was coeval with the initiation and evolution of thrust loading in the Cordilleran 
orogen.  
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Figure 1.1 a) Outline of the WCSB (after Porter et al. 1982).  b) Generalized stratigraphic 
cross-section of the WCSB (after Porter et al. 1982). 
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Figure 1.2 a) Location map of the Prophet Trough, Peace River Embayment and Peace 
River Arch (after Packard et al. 2001).  b) Location of the study area-Peace River Arch 
(after Packard et al. 2001). The A-A’ represents the model transection in this study. 
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1.3.2 Depositional setting and stratigraphic framework 
Figure 1.3 illustrates the general stratigraphy and hydrological properties of the study 
area, including pre-Devonian, Devonian and the lowest parts (Exshaw and Lower Banff) 
of Mississippian formations in the PRA.   
Pre-Devonian is the oldest expression of the PRA, occurring in the Cordillera to the west 
of the Peace River Devonian landmass.  The sediments of the uppermost Upper 
Proterozoic to Lower Cambrian Gog Group unconformably overlie the uplifted and 
truncated sediments of the Upper Proterozoic Windermere Supergroup (McMechan, 
1990).  To the north and west of the arch, the Windermere-Gog contact is apparently 
conformable, while the paraconformity was developed to the south.  In the basal part of 
the Gog Group on the southern flank of the arch, a southward transition from alluvial fan 
to shallow marine deposits is documented (Young, 1979).  Facies variations indicate that 
uplift of the arch continued throughout the early and mid Cambrian (McMechan, 1990).  
Local structural patterns strongly suggest that maximum relative uplift occurred at the 
northern arch margin, with maximum differential subsidence to the north of the arch. 
The Devonian strata of the WCSB comprise a wide range of shallow-water carbonate 
types ranging from pinnacle reefs to epeiric-scale platforms (Switzer et al. 1994), and 
include the following groups in the PRA:   
(1) The Granite Wash was deposited mainly in three areas: along the crest of the arch; to 
the north and south of the structural arch boundaries; and at the eastern end of the Arch. 
(2) The Elk Point Group comprises evaporites, carbonates, and clastics; but most is a 
clastic inshore facies deposited within a shallow, restricted, epicontinental seaway 
environment, or the coarse siliciclastic interbeds derived from the arch.  The Elk Point 
Group is up to 1000m thick in the deepest parts of the basin, progressively onlaps the 
arch and is absent through nondeposition over the crest of the arch (Meijer Drees 1986 ).    
(3) The lower part of the Beaverhill Lake Group includes the Fort Vermilion evaporates 
and Slave Point platform carbonates with relatively stable features (Keith 1990).  The 
upper part of this Group contains the carbonate buildups (equivalent to the reefs of the 
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Swan Hills Formation) and the carbonate platform of Waterways units.  The carbonate 
buildups form patch and fringing reefs within an accurate trend around the eastern margin 
of the landmass (Podruski et al. 1988; Moore 1989), appears to be strongly influenced by 
pre-depositional topographic relief of the underlying Precambrian. Since the increases of  
subsidence of the basin was some distance away from the arch at the end of the Slave 
Point deposition, both the carbonate platform and the reefs were sharply overlain by the 
Waterways Formation, which is more uniform in thickness but also thins toward the arch. 
(4) The base of the Woodbend Group, the Cooking Lake Formation, consists of 
widespread and fairly uniform carbonate platform deposits, and then succeeded by the 
argillaceous carbonates, basinal shales of the Ireton and Fort Simpson formations and the 
intrabasinal carbonate platforms of the Leduc Formation.  The Leduc Formation is a 
basinward-thickening dolomitic limestone that onlaps the Beaverhill Lake Group, the 
Granite Wash and the Precambrian basement, to form a carbonate aureole around part of 
the PRA (Dix 1990).  The Leduc platform is relatively narrow and has an east-west 
orientation along the northern edge, and wraps around the southern margin of the arch 
with a northeast-southwest trend.        
(5) The Winterburn Group consists of off lapping carbonate platforms, the Nisku and 
Blueridge formations.  Each of them has a gradual transition into basinal sediments 
(Moore 1988).  During Winterburn deposition, pre-existing topography on the PRA was 
beveled and the landmass area decreased. 
(6) The Wabamun Group formed a widespread, muddy, carbonate ramp with fairly 
uniform facies distribution throughout the study area; the ramp thins across the crest of 
the arch where it nearly buries the landmass (Halbertsma and meijer Drees 1987).  
Relatively thin intervals of Upper Devonian strata occur in the Exshaw and Lower Banff 
formations, which mainly comprise shale-dominated fine-grained siliciclastics and span 
the Devonian/Carboniferous boundary (Richards et al. 1994).  
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Figure 1.3 Generalized stratigraphy and hydrological properties, PRA area (after Hitchon 
et al. 1990). 
 
1.4 Subsurface fluid flow in the WCSB 
1.4.1 Fluid flow mechanisms in the WCSB 
Since the WCSB is an uplift basin, it is certainly subject to the topography-driven fluid 
flow.  But other types of fluid flow driven mechanism also probably exist in the WCSB. 
Topography-driven flow has been suggested by numerous authors (e.g., Garven and 
Freeze 1984; Hitchon 1984; Garven 1989) in this basin.  High relief generated during the 
mountain building is a possible driving mechanism of fluid flow.  In the WCSB, the 
uplifted western basin started during the Laramide Orogeny is likely the trigger for this 
fluid flow. 
Buoyancy force-driven flow was proposed by many authors (e.g., Kohout 1965; Kaufman 
et al. 1991) as the convective circulation of the warm/hot fluid.  The buoyancy force is 
from the difference of fluid density due to temperature variations, which is usually caused 
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by a subsurface heat source.  The presence of hydrothermal dolomitization in the WCSB 
has been used as an indicator of the interaction of high-temperature hydrothermal fluids 
with the host carbonates (e.g., Al-Aasm et al. 2002). 
Compaction driven flow occurs due to the additional burial sediments.  In the mid-
Cretaceous in the WCSB, the docking of the Insular Superterrane initiated further 
sedimentation in the foreland basin, which may lead compaction driven flow (Bekele et al. 
2000). 
Thrust induced flow is attributed to local high pressure resulting from tectonic 
deformation and compaction. Oliver (1986) suggested that the thrust belt could result in 
loading of sediments and induce fluid flow.   
Evaporative reflux fluid flow, suggested by other authors (e.g., Adams and Rhodes 1960; 
Shields and Brady 1995; Jones and Rostron 2000), and occurs in response to differences 
in fluid density controlled by variations in salinity.  The evaporation of seawater in 
restricted shallow–water environments can raise superficial salinity to the extent that the 
associated increase in fluid density causes continuous sinking and circulation of water 
through the shallow platform.   
Because the hydrothermal dolomitization was directly related to the high temperature in 
the PRA (e.g., Al-Aasm 2003; Packard et al. 1990; Packard et al. 2001), the focus on 
buoyancy force driven fluid flow mechanism induced by density variation from 
temperature and/or salinity difference in this study.  The topographically driven fluid 
flow mechanism is also considered in some cases to address how this mechanism 
combined with the buoyancy force affects fluid flow patterns. 
1.4.2 Relationship between dolomitization and fluid flow  
It is universally recognized that large-scale dolomite bodies in the rock must result from 
replacement reactions with fluids importing Mg2+ and removing Ca2+ (Land 1985; 
Machel and Mountjoy 1986; Hardie 1987).  During the dolomitization, three basic 
conditions are needed: firstly, thermodynamic and kinetic conditions must be favorable 
for dolomitization; secondly, there must be a fluid-flow mechanism by which reactants 
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and products can be transported to and from the site of dolomitization (Whitaker et al. 
2004), and thirdly, there must be enough Mg2+ which can replace the Ca2+.  The reactive 
models (e.g., Jones and Xiao. 2005; Salas et al. 2007) also indicated that the temperature, 
fluid concentrations and fluid flow rates significantly influence the process of the 
dolomitization.   
1.5 Buoyancy- and topography-driven fluid flow theories 
In this study the focus will be on buoyancy driven fluid flow mechanism induced by 
density variation from temperature and/or salinity difference.  Topography driven fluid 
flow is also considered in some cases to address how this mechanism combined with the 
buoyancy force affects fluid flow patterns.  Here, I summarize the fundamental theory 
about these two fluid flow driven mechanisms.  
1.5.1 Natural thermal convection and thermohaline convection 
Buoyancy-driven transport process concerns phenomena usually referred to as free, 
natural convection which results from fluid density variations due to the change of 
temperature or salinity in porous medium.  Free convection occurs when the fluid motion 
is caused exclusively by density variations, which differs from the forced convection in 
this way.  Free convection is probably the dominant type of the fluid motion in some 
hydrothermal systems where the bulk of the liquid discharge is in steam or hot water. 
Here the theory about free convection in thermal system is summarized based on the 
previous study from Simms and Garven (2004).  
Natural thermal convection arises from unstable distributions of fluid density differences 
induced by heating itself.  In natural convection, fluid surrounding a heat source receives 
heat, and becomes less dense and rises. The surrounding cooler fluid then moves to 
replace it.  This cooler fluid is then heated and the process continues, forming convection 
current.  This process transfers heat energy from the bottom of the convection cell to top.   
In the so-called Rayleigh-Benard convection, buoyancy-driven flow occurs when the 
nondimensional average thermal gradient represented by a Rayleigh number (Ra) exceeds 
a critical value (Lapwood 1948; Joseph 1976).  When the thermal gradients are too small, 
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the conditions are subcritical so that the fluid is motionless and only heat conduction 
happens.  With the increase of Rayleigh number, steady convective motions first develop 
and the flow becomes progressively more complicated spatially and temporally.  This 
Rayleigh convection is characterized by an onset of fluid flow, which breaks the stable 
conductive hydrostatic rest state of no flow into a circulatory velocity field with cellular 
structure (Steen 1983).  Any convective circulation resulting from lateral temperature 
differences or horizontal density gradients, for example, generated by variations of 
thermal properties, heat flow, topography or other boundaries (Phillips 1991), is referred 
as non-Rayleigh convection.  The Rayleigh number is calculated through the physical 
properties of the porous medium and the types of thermal and hydrologic boundaries 
exerted on the porous medium. 
Inequities in temperature are not the only first-order cause of flows in nature; complex 
groundwater convection patterns are possible when it is subject to both lateral heat and 
salinity gradients, which is called thermohaline convection.  In thermohaline convection 
process, the density is altered from both salinity and temperature variations; temperature 
and salt concentration provide two diffusivities; and heat and mass currents are both 
transported by this convective circulation.  The convective double diffusive thermohaline 
system is able to showing stationary convection and oscillatory convection with different 
extent bifurcation controlled by Rayleigh number. 
Numerical modeling of thermal convection or thermohaline convection related to ore 
mineralization have been studied by many researchers (e.g., Person and Garven 1994; 
Garven et al. 2001; Yang et al. 2004b) and indicated that convective circulation 
dominates the flow of fluids in more permeable facies near the basin-farming fault; and 
large-scale convections were controlled by the distribution of fault zones and regional- 
scale aquifers. 
1.5.2 Topography-driven fluid flow 
A topography-driven flow system is one in which ground water flows from higher-
elevation recharge areas, where hydraulic head is higher, to lower-elevation discharge 
areas, where hydraulic head is lower. This type of flow system is commonly encountered 
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in ground-water basins and called forced convection. The main factors that control this 
ground-water flow are basin geometry, shape of the water table, and the distribution of 
hydraulic properties (e.g., porosity, permeability).  Topography-driven groundwater flow 
may be the most important fluid flow inducing mechanism on a regional-scale within 
sedimentary basins (Sverjensky and Garven 1992). 
1.6 Fluid Flow Modeling 
Numerical modeling has proved to be a useful method to study the subsurface fluid 
migration and corresponding geological processes.  In many cases, numerical modeling 
maybe the only available tool because geologic processes occur too slowly in time and 
too widely in space to be directly observed in the field or laboratory (Yang et al. 2004a,b; 
Yang et al. 2006).  Many numerical modeling works have been conducted to study 
various fluid flow driven mechanisms related to ore mineralization.  Here is a brief 
review of previous fluid flow modeling, which is concentrated mainly on geothermal 
convection model, reflux model and topography-driven flow model.  The first two are 
induced by buoyancy force, and the last one by gravity. 
1.6.1 Geothermal convection modeling 
Large scale geothermal convection of seawater was first proposed by Kohout (1965) and 
Henry and Kohout (1972).  Geothermal convection has the potential to circulate seawater 
on a regional-scale, and can produce significant changes in temperature along the flow 
paths, changes that in turn affect the thermodynamic equilibria and control the diagenesis 
such as dolomitization (Sanford et al. 1998).  
A standard case simulation of groundwater transport with buoyancy force driven 
circulation was developed by Ward et al. (1998) in a carbonate platform to study the 
controlling factors on fluid flux and fluid flow patterns.  This model indicated that the 
magnitude and distribution of permeability are the most important parameters which can 
control the flow patterns and the final temperature profiles.  The fluid density and 
viscosity are primarily controlled by temperature.  Bulk thermal conductivity, platform 
geometry, boundary conditions and the associated temperature have relatively less 
impactions on the circulation.   
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Caspard et al. (2004) evaluated Kohout thermal convection, which may have induced the 
massive dolomitization in well Unda with numerical modeling.  The results showed that 
Kohout convection is valid during high sea-level periods in this area and controls the 
variations of fluid temperature. The velocity of the induced fluid circulation could be at 
least two orders of magnitude higher than that induced by compaction alone, which is 
high enough to supply the magnesium needed for the complete dolomitization of the reef.   
But neither the fluid flow pattern nor the flow velocity can explain the preferential 
dolomitization of the lower reef unit and the complete absence of dolomite in the upper 
one.  
Yang et al. (2004b) conducted a numerical investigation of transient fluid flow, heat and 
solute transport associated with the formation of the HYC SEDEX deposit in the 
McArthur Basin.  This simulation revealed that the saline conditions at seafloor can 
strengthen the thermally-induced buoyancy force and promote free convection, but high 
salinities at the bottom can counteract the geothermal gradient and restrict the convective 
hydrothermal fluid circulation.   
Yang (2006) developed a 3D numerical modeling of fluid flow and heat transport in the 
McArthur Basin, and indicated that fluids tend to circulate as a series of planar 
convection cells in more permeable fault zones rather than in less permeable host rocks; 
the localized high-permeability zones resulting from a cross fault intersecting with the 
main faults can facilitate the development of 3D convection cells and carry significant 
amount of fluids with metal contents in circulation through host rocks to form ore 
deposits.   
Ma et al. (2006) built 2D numerical models in the localized Parkland area to investigate 
the hydrothermal fluid flow responsible for the formation of dolomites.  The simulation 
results showed that faults played the most critical role as the primary conduits for 
hydrothermal fluid migration in the study area. The upwelling fluid flow via faults may 
bring reactants and heat from underlying strata to shallow formations for diagenetic 
reactions.  Salinity distribution and permeability configuration within the host rock also 
strongly influence the fluid flow patterns.   
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1.6.2 Seepage reflux modeling 
Jones et al. (2000) explored a reflux numerical model with variable-flux comparing to the 
constant-flux model and indicated that the permeability anisotropy exerts a critically 
control on fluid flux distribution.  Furthermore, under the optimal but reasonable 
parameter configuration a region within 15 km of the brine source could be dolomitized 
in the maximum time constraint available (16 Ma) in the WCSB during the Devonian; 
while regions beyond the 15 km remain undolomitized.   
Jones et al. (2000) conducted a numerical modeling of geothermal and reflux circulation 
in Enewetak Atoll and showed that the geothermal circulations concentrate around the 
atoll-margin whereas refluxing brines flow from the atoll interior towards the margin to 
restrict and eventually shut off geothermal circulation.  Distributions of the fluid flux and 
Mg mass-balance calculation suggest that both geothermal and reflux circulation could 
meet the Mg requirements to explain the observed distribution of dolomite in Enewetak 
Atoll.   
Jones et al. (2003) developed another numerical model to investigate the viability of 
reflux to dolomitization in Grosmont platform and indicated that the pattern and 
magnitude of reflux is strongly controlled by the permeability and the distribution of 
platform-top brines, which are concentrated up to gypsum saturation, and proved that the 
reflux of gypsum-saturated brines could have formed much if not most of the dolomite in 
the Grosmont formation in the available time.    
1.6.3 Topography-driven fluid flow modeling 
Garven and Freeze (1984) studied the role of topography-driven groundwater flow 
system in stratabound ore formation and indicated that this flow system is capable of 
sustaining favorable fluid flow rates, temperature and metal concentration for ore 
formation at groundwater-discharge areas.  Under a topography-driven flow system, 
groundwater flows from recharged area in the elevated regions of a foreland basin to 
discharge areas in the low-elevation regions.  Flow patterns and rates mainly depend on 
the basin geometry, the water-table configuration and the subsurface variations in 
permeability.  The thermal regime is strongly influenced by this regional fluid flow 
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system.  Temperatures are depressed in recharge area and elevated in discharge area with 
respect to the original thermal gradient. 
Adams (2004) built a revised model based on Garven’s work (1989) to simulate the 
coupled fluid flow, heat and mass transport and erosion in the regional topography-driven 
flow system in the Alberta basin.  The revised model with adjusted parameters indicated 
a low fluid flux results in a primarily conductive heat transport, and the high erosion rates 
can change fluid flow patterns but cannot increase discharge to the oil sands.  Therefore 
the formation of the Athabasca oil sands cannot be predicted by this regional topography-
driven flow system. 
1.7 Methodology 
1.7.1 Numerical methods 
Numerical methods are the computer-based techniques, which are able to solve the fluid 
flow and/or transport equations and investigate the controlling factors involved in 
subsurface groundwater system.  A conceptual model is built with a set of assumptions 
that reflect the subsurface geological nature of the system and those features of its 
behavior that are relevant to the problem under investigation.  Then the conceptual model 
is expressed in the form of a mathematical model described by initial conditions, 
boundary conditions and related parameters, which represent the properties of the porous 
medium, and controlled by the governing equations.  A computer package solves these 
equations numerically and finally obtains the fluid behaviors in the model domain.  
In a numerical model, the continuous problem domain is discretized by an array of nodes 
and associated finite element in a grid pattern.  Associated with the grid are node points, 
where the equations are solved to obtain unknown values.  The nodal elements form the 
framework of the numerical model.  In this study the finite element method with 
triangular mesh was employed. 
Prior to actual computation, it is important to design grids and to parameterize the 
boundary and initial conditions properly.  The distribution of the model grids needs to 
meet the standard error tolerance.  Calibration is necessary and important, because it 
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helps to establish a more reasonable geological model and produce more precise results.  
The calibration includes the adjustment of the conceptual model, boundary/initial 
conditions and physical parameters.  In this study, various case studies with different 
boundary and/or initial conditions were conducted to simulate a variety of possible 
geological conditions in the Peace River Arch, Western Canada Sedimentary Basin. 
1.7.2 Simulation approach 
In this study, the numerical modeling approach, integrated with the existing geological, 
tectonic, geophysical and geochemical constraints, is employed to quantify hydrothermal 
fluid flow activities within the Devonian Wabamun Formation in the PRA, WCSB. 
Many commercial computer software packages are available.  In this study, the advanced 
and sophisticated software FEFLOW was used.  The FEFLOW is an interactive graphical 
groundwater modeling system, which can be integrated with existing geological 
constraints to simulate transient or steady-state flow, mass and heat transport in 2D or 3D 
systems.  The FEFLOW possesses the flexible data import/export system, interpolation 
procedures, 3D and 2D visual analysis, and can be linked to existing GIS data.   
1.7.3 Mathematical equations 
The FEFLOW numerically solves the following governing equations which describe the 
fluid flow, mass transport and heat transport, respectively (Diersch 2002): 
( )TCQQ
x
q
t
hS EB
i
f
i
o ,+=∂
∂
+
∂
∂
ρ                                                                                          (1.1) 
C
i
f
i
i
ij
i
QCQ
x
Cq
x
CD
xt
CR =+
∂
∂
+





∂
∂
∂
∂
−
∂
∂
⋅ ρε                                                                   (1.2) 
( )[ ] ( ) Toff
i
f
i
ff
i
ij
i
ssff QTTQc
x
Tqc
x
T
xt
T
cc =−+
∂
∂
+





∂
∂
∂
∂
−
∂
∂
−+ ρρρλρεερ 1                 (1.3) 
  
 
 18 
 
Darcy equation for variable-density flow is: 








−
+
∂
∂
−= jf
o
f
o
f
j
ij
f
i e
x
hfKq
ρ
ρρ
µ                                                                                       (1.4) 
Here ijK is the hydraulic conductivity: f
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The definitions of the parameters in the governing and state equations are listed in the 
nomenclature in Appendix 1. 
These governing equations reveal dependencies upon state variables.  In this context the 
two important parameters (i.e., the fluid density ρf and dynamic viscosity µf), which 
strongly influence the fluid flow, need to be further investigated: 
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In this study, the equation involved density is from the FEFLOW Reference Manual: 
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Here the reference fluid density is obtained from f TCh
f
o ooo ,,
ρρ = , in which, oh  is the 
reference hydraulic head (4000m in this study, equal to the thickness of the model), oC  is 
the reference concentration (3.6 equiv. wt. % in this study), and 
oT  is the reference 
temperature (15°C in this study, following previous studies: e.g. Bachu and Cao 1992).  
_
γ  is the fluid compressibility, 
_
a  is the fluid density difference ration normalized by the 
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maximum concentration, and 
_β  is the volumetric thermal fluid expansion coefficient to 
be introduced as intensive (volume-independent) material coefficients.  The density 
difference ratio may be estimated as follows:   
( )[ ] fofosf Ca ρρρ /_ −=
                                                                                                      (1.8) 
A first guess of the fluid density at maximum concentration Cs can be given by the 
relation (Baxter and Wallace 1916): 
( ) sfosf CC ⋅+≈ 7.0ρρ
                                                                                                     (1.9) 
Which leads to an estimation of density difference ratio in form of: 
f
o
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                                                                                                                    (1.10) 
While the above linear approximation for fluid density difference ration 
_
a  is normally 
sufficient for most practical needs.  The consideration of the volumetric thermal fluid 
expansion coefficient 
_β  as a constant parameter becomes inappropriate for cases where a 
larger temperature range has to be modeled.  In this study the temperature dependence of 
fluid density can be represented using polynomial interpolation functions as follows 
(Molson and Frind 1993): 
ρw(T)=1000.0×{1.0+[-0.435×10-5+0.838×10-8×(T-4.0)]×(T-4.0)2}                           (1.11) 
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Figure 1.4 Fluid density ρf as a function of temperature T in the range of 0°C and 300°C. 
 
This equation can be expressed by a 6th order polynomial to fit the application in this 
software with a high accuracy as: 
                               ρ
f(T)=a+bT+cT2+dT3+eT4+fT5+gT6  in[g/l]                                 (1.12) 
 with the following coefficients for water: 
                                      a = 9.9957 · 102 
                                      b = -8.45 · 10-2 
                                      c = -4.10 · 10-3 
                                      d = 8.00 · 10-6 
                                      e = 4.00 · 10-16 
                                      f = -9.00 · 10-19 
                                      g = -2.00 · 10-21 
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Here the temperature T is in °C and a represents the fluid density at T=0°C.  With the 
derivation in the Reference Manual of FEFLOW 1.6, the following equation is finally 
used in FEFLOW for computing the nonlinear thermally variable fluid density expansion: 
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The viscosity dependencies have been developed by using empirical polynomial 
relationships as can be found in literature.  In FEFLOW the viscosity of the fluid phase is 
appropriately regarded as a function of concentration C and temperature T: 
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Where f TC
f
00 ,0 µµ =  is the reference viscosity with respect to the reference concentration 
C0 and the reference temperature T0; fC ρω /=  at C in g/l; ( ) 100/150−= Tς  at T in °C. 
The density-dependent relations in the complete coupled system of balance equations can 
be treated in different manners, which especially depends on whether high density 
contrasts occur and density influences can become important in the proper balance terms.  
For the most density-dependant transport phenomena the so called Boussinesq 
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Approximation Qρ is employed (Diersch, 2002).  On this base the coupled nonlinear 
system of balance equations can be essentially simplified without the elimination of 
intrinsic coupling mechanisms for free convection processes.  The Boussinesq 
Approximation is valid for small to moderate density variations.   
However, the Boussinesq Approximation becomes insufficient for the large density 
variations (e.g., at high concentration brines or high temperature gradients).  The actual 
balance quantities need to be investigated.  The main difference between the Boussinesq 
Approximation and the actual balance quantities is expressed by an additional term 
QEB(C, T): 
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This is called the extended Boussinesq Approximation and represents an additional term 
to incorporate mass-dependent and temperature-dependent compression effects.  The first 
term in the equation 1.15 becomes unimportant if the temporal changes in concentration 
and/or temperature vanish but may affect the convection process at high density contrasts; 
the second term only vanishes if the density gradient is essentially orthogonal to the flow.  
The extended Boussinesq Approximation is involved in the fluid mass conversation 
equation in FEFLOW. 
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CHAPTER 2 
Numerical Modeling of Hydrothermal Fluid 
Flow within a Highly Simplified Model 
 
2.1 Introduction 
Hydrothermal circulation through porous media is an important physical process for 
diagenesis and all kinds of hydrothermal ore deposits (e.g., Porphyry copper; Mississippi 
Valley type deposits Pb-Zn; hydrothermal dolomite).  Hydrothermal dolomite is a host 
for major reserves of hydrocarbon in the WCSB because of the enhanced porosity.  
Currently, as the most popular theory, it is interpreted that the ascending hot basinal 
fluids along the active faults system flow laterally into the permeable carbonates aquifer, 
interact with the host carbonates and result in the dolomitization diagenesis (e.g., Stoakes 
1987; Packard et al. 1990; Saller and Yaremko 1994; Nesbitt and Meuhlenbachs 1994; 
Al-Aasm 2003; Al-Aasm and Clarke 2004).  Here the hydrothermal circulation is critical 
to the dolomitization process. 
 Hydrothermal circulation in its most general sense is the circulation of hot water.  White 
(1957) defined the term "hydrothermal" as "aqueous solutions that are warm or hot 
relative to the surrounding environment", whereby 5 to 10°C is considered significant and 
whatever the source or driving mechanism of the fluids.  According to this definition, we 
need to distinguish the "hydrothermal" from other related terms (Figure 2.1).  If a mineral 
was formed at or near the same temperature as the surrounding rocks (within 5–10°C), it 
should be called “geothermal”; if minerals formed at temperatures significantly lower 
than ambient (by>5 –10°C) may be called “hydrofrigid”, even if they formed at a rather 
high temperature (Machel and Lonnee 2002).  Therefore the term “hydrothermal 
circulation” is applicable in this study.   
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Figure 2.1 Hydrothermal, geothermal and hydrofrigid mineral formation (after Machel 
and Lonnee 2002). 
 
This chapter aims at simulating hydrothermal fluid flow in a highly simplified model 
representing an idealized part of the PRA.  The main objective is to determine proper 
mesh size and other controlling parameters that will be used in the following chapters 
involving more realistic yet complicated models.  A series of numerical sensitivity 
analyses are conducted to reveal the effect of mesh size, fault width, hydraulic 
conductivity and other factors on fluid flow and thermal regime.  This chapter therefore 
serves as a base for the follow-up numerical studies in the next two chapters.   To simply 
the physics involved, this chapter only deals with thermally-induced fluid flow without 
considering salinity variations.   To save the CPU time, majority of the numerical 
experiments in this chapter are run directly to steady state, and only few situations 
consider transient simulations. 
2.2 Conceptual model 
Figure 2.2 illustrates a highly conceptualized model that simulates part of the PRA 
around the south part of the A-A’ transection (Figure 1.2b).  A vertical fault is involved.  
The 2D model has a dimension of 7.1km by 4km.  According to the analysis of the 
hydrogeological characters from Hitchon et al. (1990) for the interested groups in the 
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PRA, the Upper Exshaw-Lower Banff Group is taken as the top acquitard; the main and 
thick aquifer system is Wabamun-Winterburn aquifer system; the Lower Elk Point Group, 
Beaverhill Lake Group and Woodbend Group are combined together as a lower aquitard 
system.  And the Precambrian basement is used as a buffer zone during the simulation.  
The fault is assigned a width of 100m, which penetrates into the whole hydraulic units. 
 
Figure 2.2 2-D conceptual stratigraphic model. 
 
The upper boundary of the model represents the paleo-seafloor, which is permeable and 
maintained at 15°C.  The lower boundary is assumed to be impermeable to fluid flow but 
with a constant heat flux of 70 mW/m2 (Bachu and Cao 1992).  The side boundaries are 
assumed to be impermeable and adiabatic.  The initial temperature varies linearly with 
depth following the paleo-geothermal gradient of 30°C/km (Bachu and Cao 1992).  Since 
the initial velocity of fluids is assumed as 0m/s in the study area, the initial hydraulic 
head is assigned as a constant value of 4000m.   
The physical parameters, assigned to every scenario to describe their hydrological 
properties, include hydraulic conductivity, thermal conductivity of the fluid and the solid 
components of the sediments and basement rocks, porosity and dispersion coefficients.  
 34 
 
All parameters assigned in this model are based on previous models (Ma et al. 2006; 
Wilson et al. 2001; Yang et al. 2004a; Simms and Garven 2004).  The most important 
parameter-hydraulic conductivity is defined with respect to fluid conditions at a reference 
temperature and pressure, and is allowed to be anisotropic.  There is a relationship 
between hydraulic conductivity (K) and permeability (k): K=kρg/µ.  During the 
simulation the horizontal hydraulic conductivity in the aquifer is adjusted from 10-5 to 10-
8
m/s.  In addition, mesh size and fault width are also adjusted in the following sensitivity 
analyses and numerical case studies. 
2.3 Simulation results and discussions 
Scenario 1: the fault penetrates the bottom boundary (permeable boundary) 
In this simulation, the bottom of the fault is taken as a permeable boundary, which means 
fluids can freely across this boundary.  Assuming the fault is active for enough time, all 
of the following simulations are run to directly obtain steady state solutions.  
Case 1:  Lower hydraulic conductivity within the aquifer and fault with different mesh 
sizes 
Assuming the Wabamun-Winterburn aquifer and the fault are permeable with high 
hydraulic conductivity and porosity.  In order to obtain numerical solution at steady state, 
the hydraulic conductivity is reduced both in aquifer and fault gradually.  When the 
model has the relatively low hydraulic conductivities in Table 2.1, temperature contours 
are shown in Figure 2.3 (a,b,c) corresponding to different mesh sizes.  
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Table 2.1 Major physical parameters of the faults and host strata units 
Strata 
Hydraulic Conductivity (m/s) Porosity 
(%) 
Thermal Conductivity 
(J/m s °C) Horizontal Vertical 
Fault 10-8 10-8 30 2 
Exshaw+Banff 10-9 10-11 20 2 
Wabamun 
+Winterburn 
10-8 10-10 30 2 
W+B+E 10-10 10-12 10 2 
Basement 10-12 10-12 3 3 
 
a) Mesh size=20m, Vmax=1.28×10-4m/d.  
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b) Mesh size=50m, Vmax=1.29×10-4m/d.  
 
c) Mesh size=100m, Vmax=6.55×10-5m/d. 
 
Figure 2.3 Temperature contours at steady state corresponding to different mesh sizes:  a) 
20m; b) 50m; c) 100m. 
It can be seen from the simulation results in Figure 2.3 that fluids move up along the fault 
driven by buoyancy force due to temperature differences to form thermal convection cells 
in the aquifer.  At steady state, the maximum flow rate of the hydrothermal fluid in the 
fault is 1.29×10-4 m/d when mesh size is 50m, which is small so that the temperature 
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contours only bend a little along the fault zone.  It can also be seen that changing mesh 
size from 20m to 100m does not alter the numerical results at steady state.   
Case 2:   Higher hydraulic conductivity within the aquifer and/or part of the fault  
Since the mesh size does not significantly change modeling results, it is now fixed at 50m 
in the following numerical experiments.  In order to obtain simulation results at steady 
state with higher hydraulic conductivity within the aquifer and/or the fault, this parameter 
is assigned in the following ways. 
1) The aquifer is assigned with higher hydraulic conductivity in Table 2.2 (based on Ma’s 
model); whereas the fault remains the lower conductivity as in case 1. Figure 2.4 shows 
the steady state solution with the following parameters.  In this case, Vmax=3.92×10-4m/d.  
Table 2.2 Major physical parameters of the faults and host strata units 
Strata 
Hydraulic Conductivity (m/s) Porosity 
(%) 
Thermal Conductivity 
(J/m s °C) Horizontal Vertical 
Fault 8×10-9 8×10-9 30 2 
Exshaw+Banff 10-7 10-9 20 2 
Wabamun 
+Winterburn 
10-5 10-7 30 2 
W+B+E 10-8 10-10 10 2 
Basement 10-12 10-12 3 3 
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a) Temperature contours 
 
b) Fluid velocity vectors 
 
Figure 2.4 Temperature contours and fluid velocity vectors at steady state: a) 
Temperature contours; b) Fluid velocity vectors. 
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2) The fault is divided into three parts with different conductivities, as shown in Table 2.3.  
In this case, Vmax is 4.40×10-3m/d.  The temperature increases to about 80°C within the 
aquifer around the fault (refer to Figure 2.5).  
Table 2.3 Major physical parameters of the faults and host strata units 
Strata 
Hydraulic Conductivity (m/s) Porosity 
(%) 
Thermal Conductivity 
(J/m s °C) Horizontal Vertical 
Fault 
(0-1500m) 
10-5 10-5 
30 2 
Fault 
(1500-2500m) 
10-8 10-8 
Fault 
(2500-4000m) 
6×10-10 6×10-10 
Exshaw+Banff 10-7 10-9 20 2 
Wabamun 
+Winterburn 
10-5 10-7 30 2 
W+B+E 10-8 10-10 10 2 
Basement 10-12 10-12 3 3 
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Figure 2.5 Temperature contours at steady state for the model with variable hydraulic 
conductivities along the fault.  
These two simulations exhibit similar results as those shown in case 1: the hot fluids flow 
upwards along the fault and form convection cells within the aquifer.  Since the 
maximum velocity in case 2 is about one order of magnitude higher than that in case 1, 
the temperature contours now bend with a higher curvature around the fault zone 
compared with the previous case, and the aquifer reaches about 80°C nearby the fault.  A 
strong convective circulation of groundwater (Figure 2.4) develops within the aquifer.  
These results indicate that the hydraulic conductivity value and distribution significantly 
control the amount of ascending hot fluids and the temperature of the aquifer.  
Case 3: Higher hydraulic conductivity within the aquifer and fault with different 
boundary condition 
In this case the bottom boundary is assigned with a constant temperature of 135oC rather 
than a constant heat flux.  When the aquifer and fault are assigned a high hydraulic 
conductivity shown in the Table 2.4, the steady state numerical solution can be reached 
(refer to Figure 2.6).  In this case, the Vmax is 3.44×10-2m/d.   
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Table 2.4 Major physical parameters of the faults and host strata units 
Strata 
Hydraulic Conductivity (m/s) Porosity 
(%) 
Thermal Conductivity 
(J/m s °C) Horizontal Vertical 
Fault 10-6 10-6 30 2 
Exshaw+Banff 10-7 10-9 20 2 
Wabamun 
+Winterburn 
10-5 10-7 30 2 
W+B+E 10-8 10-10 10 2 
Basement 10-12 10-12 3 3 
 
 
Figure 2.6 Temperature contours at steady state corresponding to the constant 
temperature boundary condition. 
Since the velocity of fluids within the fault now is much higher than that in case 1 and 
case 2, the hot fluids flow into the aquifer, especially within the area surrounding the 
fault.  Therefore, the aquifer reaches a higher temperature of about 130°C nearby the fault. 
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Scenario 2: transient simulations 
Case 1: Higher hydraulic conductivity within the aquifer and fault  
When the hydraulic conductivity is further increased compared to the scenario 1, the fluid 
velocity increases quickly, and the simulation can be solved with transient solution.  The 
parameters from Table 2.5 assigned to this transient simulation are similar to those used 
in Ma’s model (Ma et al. 2006).  Numerical results are shown in Figure 2.7, where Vmax 
is 7×10-4m/d at 10,000 years and 1.0×10-3m/d at 20,000 year. 
Table 2.5 Major physical parameters of the faults and host strata units 
Strata 
Hydraulic Conductivity (m/s) Porosity 
(%) 
Thermal Conductivity 
(J/m s °C) Horizontal Vertical 
Fault 10-5 10-5 30 2 
Exshaw+Banff 10-7 10-9 20 2 
Wabamun 
+Winterburn 
10-5 10-7 30 2 
W+B+E 10-8 10-10 10 2 
Basement 10-12 10-12 3 3 
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a) at 10,000 years 
 
b) at 20,000 years 
 
Figure 2.7 Temperature contours: a) at 10,000 years; b) at 20,000 years. 
It can be seen from Figure 2.7 that after 10,000 years the basal hot fluids are brought up 
into the aquifer with a maximum temperature of 178°C, and after 20,000 years the 
highest temperature within the aquifer reaches 205°C, which is close to the environment 
for diagenetic dolomitization observed in the Wabamun-Winterburn aquifer in the PRA 
(e.g., Al-Aasm 2003; Packard et al. 1990).  Therefore, if the fault system is active for 
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enough time, the hot fluids can eventually flow into the aquifer to form the high 
temperature environment for dolomitization. 
Case 2: Effect of fault width 
In order to investigate how the width of a fault influences fluid flow, the fault width is 
increased from the original 100m to 200m, 300m and 500m, respectively.  All other 
parameters remain the same as those in case 1 of scenario 1, also shown in Table 2.6.  
Figure 2.8 illustrates the temperature contours at 20,000 years corresponding to different 
fault width. 
Table 2.6 Major physical parameters of the faults and host strata units 
Strata 
Hydraulic Conductivity (m/s) Porosity 
(%) 
Thermal Conductivity 
(J/m s °C) Horizontal Vertical 
Fault 10-8 10-8 30 2 
Exshaw+Banff 10-9 10-11 20 2 
Wabamun 
+Winterburn 
10-8 10-10 30 2 
W+B+E 10-10 10-12 10 2 
Basement 10-12 10-12 3 3 
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a) Fault width is 100m, and Vmax is 7.34×10-5m/d. 
 
b) Fault width is 200m, and Vmax is 7.37×10-5m/d. 
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c) Fault width is 300m, and Vmax is 7.51×10-5m/d. 
 
d) Fault width is 500m, and Vmax is 7.94×10-5m/d. 
 
Figure 2.8 Temperature contours at 20,000 years corresponding to different fault width: a) 
100m; b) 200m; c) 300m; d) 500m. 
As expected, increasing the fault width gives rise to an increase in fluid velocity in the 
fault, which in turn results in an increase in temperature of the aquifer nearby the fault. 
 47 
 
2.4 Conclusions 
Groundwater flow can be induced when temperature difference exists.  The high 
permeability of faults and bottom heat source allow a fluid flow to travel at high flow rate 
and result in an upwelling of hot flux along faults into a shallow aquifer, which is 
favorable for hydrothermal dolomitization. 
In the simulations presented in this chapter, the model with the mesh size of 20m, 50m 
and 100m are tested and these three types of the mesh size do not influence the numerical 
results.  The fault is also assigned with different widths of 100m, 200m, 300m and 500m. 
With the increase of the fault width, more hot fluids flow upwards and thus enhance a 
temperature increase within the fault compared to that within the host formations. 
Numerical simulation results indicate that the fault provides an important pathway for the 
ascending hydrothermal fluids, which is driven by buoyancy force caused by density 
differences from the assigned temperature gradient.   
In this chapter both steady-state and transient simulations are conducted.  However, the 
steady state solutions can only be obtained with low flow rates when the fault and/or 
aquifer are assigned with low hydraulic properties.  Moreover, the ascending warm fluids 
which eventually circulate within the aquifer are not hot enough (the highest temperature 
is 75°C -80°C) for the dolomitization.  Compared to the simulations at steady state, the 
transient fluid flow models with elevated hydraulic parameters can allow hot basal fluids 
to move upwards along the fault and circulate within the aquifer with a temperature of 
205oC at 20,000 years, which is consistent to the interpretation of hydrothermal 
dolomitization proposed by Packard et al. (2001) for Parkland play type dolomitization. 
According to these modeling results, the dolomitization could be interpreted as follows:  
When the fault was being developed and penetrated into the basement (early to mid 
Tournanaisian or after Visean), the fault system was very much permeable.  The fluid 
flow could be initiated by buoyancy force from a temperature variation and go upwards 
along the fault and travel laterally when reaching the aquifer.  During this process the 
hydrothermal fluids brought enough magnesium ions from depth into the aquifer around 
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the fault with high temperature.  These hot fluids hit the host limestone aquifer in low 
temperature, exchange Mg2+ with the host Ca2+, and deposited to form the dolomite.  
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CHAPTER 3 
Numerical Modeling of Thermohaline Fluid 
Flow within a Geologically More Complicated Model 
 
3.1 Introduction 
The Peace River Arch is a highly potential area well recognized for prolific natural gas 
and oil production, and in this area the hydrocarbon reserve has been considerably found 
in dolomite reservoirs located within Wabamun Group.  Therefore, the dolomite reservoir 
in the PRA has become a focus of hydrocarbon exploration. 
The dolomite in the PRA was interpreted as being hydrothermal in origin by many 
geologists (e.g., Stoakes 1987; Packard et al. 1990; Saller and Yaremko 1994; Nesbitt 
and Meuhlenbachs 1994; Al-Aasm 2003; Al-Aasm and Clarke 2004).  Hydrothermal 
dolomitization is defined as dolomitization occurring under burial conditions, sometimes 
at shallow depths, typically by very saline fluids (the highest salinity is 22 wt.% in this 
study) with temperature and pressure higher than the ambient temperature and pressure of 
the host formation. There are many hydrocarbon reservoirs with these properties in the 
PRA, including Tangent-Teepee, Parkland, Gold Creek, Clarke Lake, Yoyo, Sierra, 
Kotaneelee, Beaver River, Liard trend, Comet, Sikanni, and Grassy.  The dolomitization 
is associated with fluids focused along faults (e.g., Halim-Dihardja 1986, Eric and 
Marjammanda 1991).  Permeable faults serve as important conduits for the hydrothermal 
fluids ascending into the shallow carbonate aquifers.  
Two periods of tectonic activity are proposed (Packard et al. 2001) to have occurred in 
the study area.  During the first stage, from early to mid Tournanaisian time, limited-
displacement normal faults and associated fractures formed in response to either 
extensional stress at the margin of the Sukunkaforebulge, or were induced by mild 
thermal uplift.  A second period of extensional structuring led to the development of 
fracture networks restricted to the brittle zones of matrix replacement dolomite.  The 
timing of this second phase of extension is poorly constrained, but commenced at Visean 
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and continued at least into Serpukhovian age.  Figure 3.1 is a diagenesis model proposed 
by Packard et al. (2001) for the Parkland field, which represents the diagenesis process of 
hydrothermal dolomitization in the PRA: at the first stage hydrothermal activity resulted 
in dissolution and dolomitization; at the second stage minor hydrothermal dolomitization 
got developed. 
 
(a) 
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(b) 
 
Figure 3.1 Schematic cartoons showing the evolution of the significant events in the 
Parkland diagenetic history.  (a) Early Tournaisian period of wrench faulting (and minor 
local extension), and hydrothermal activity resulting in dissolution and dolomitization; (b) 
Late Visean period of extension tectonism (development of Fort St. John graben) and 
minor hydrothermal dolomitization (after Packard et al. 2001). 
 
Although the hydrothermal origin of the dolimitization is well recognized, only little 
numerical investigation has been made to address fluid driving mechanisms and the 
relevant controlling factors for the dolomitization in the PRA.  Many driving mechanisms 
are responsible for hydrothermal fluids, as discussed in the first chapter.  This chapter 
aims at examining the buoyancy-driven mechanism due to variations in both temperature 
and salinity, and in particular investigates whether the buoyancy force can drive 
thermohaline circulation for the dolomitization in the Wabamun Formation and how the 
flow pattern influences the disgenetic process.  Following the thermally-induced fluid 
flow modeling on a highly idealized conceptual model in Chapter 2, this chapter deals 
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with  geologically more reasonable systems under more realistic conditions.  
3.2 Conceptual model 
With the analysis of the hydrogeological characters from Hitchon et al. (1990) in the 
interested groups, the main aquifer systems in the PRA are the Wabamun-Winterburn 
aquifer system and the Beaverhill Lake aquifer system, which are characterized by 
regional flow and separated by Ireton aquitard.  The Upper Exshaw-Lower Banff Group 
and Lower Elkpoint Group are taken as an aquitard system.  However, since the most 
significant thickness of Beaverhill Lake Group is about 150m, to simplify the model, it is 
combined with the upper and lower sections together as an aquitard.  In this model the 
Wabamun and the Winterburn Groups are combined together as the main aquifer to study 
the fluid flow, heat, and mass transport therein.  
Cant (1988) developed a model to describe the tectonic history and reconstruction of the 
PRA from Cambrian to Mississippian (Figure 3.2).  Based on the geological, 
geochemical and tectonic studies, and in particular combining the reconstruction of Cant 
(Figure 3.2) with the Parkland diagenetic history (Figure 3.1), a conceptual model was 
developed, shown in Figure 3.3.  This model represents a N-S vertical cross-section with 
a dimension of 200km×4km, perpendicular to the crest of the PRA.  The upper part 
includes the Elk Point Group, Beaverhill Lake Group and Woodbend Group (the Lower 
Paleozoic aquitard system), Winterburn and Wabamun Groups (aquifer system), and the 
Exshaw-Banff aquitard.  The lower part of the model is the Precambrian basement.  
According to the current structure of the PRA, four subvertical faults are included in this 
model, including three normal faults representing the NW-SE trending Tangent (Fault 
TG), Dunvegan (Fault D) and Teepee (Fault TP) faults, plus one minor slip fault (Fault S).  
Packard et al. (2001) indicated that some faults breached the Banff seafloor.  Therefore, 
the faults in this model are assumed to penetrate into the entire interest sequences above 
and below the Wabamun-Winterburn Groups.  Fault D is set up as a major fault with a 
width of 500m, and the other three faults are set up as minor faults with a width of 200m.  
In the following sensitivity analyses and numerical experiments, these parameters will be 
adjusted. 
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Figure 3.2 Schematic diagram showing the tectonic history of the PRA from Cambrian to 
Mississippian (after Cant 1988): a) Cambrian to Early Devonian – tectonic uplift of 800-
1000m; b) mid to late Devonian – normal faulting, graben formation and infill by Granite 
Wash; c) Mississippian – block subsidence, thickening of units.  
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Figure 3.3 Conceptualized 2-D hydrostratigraphic model for PRA. 
Table 3.1 shows the major physical properties assigned to the faults and host formations 
following the previous similar numerical simulations (Ma et al. 2006; Wilson et al. 2001; 
Yang et al. 2004a; Simms and Garven 2004).  According to the study in Chapter 2, a 
minimum mesh size of 50m is used for discretizing the faults and surrounding areas. 
Table 3.1 Major physical parameters of the faults and host strata units 
Strata 
Hydraulic Conductivity (m/s) Porosity 
(%) 
Thermal Conductivity 
(J/m s °C) Horizontal Vertical 
Fault 10-5 10-5 30 2 
Exshaw+Banff 10-7 10-9 20 2 
Wabamun 
+Winterburn 
10-5 10-7 30 2 
W+B+E 10-8 10-10 10 2 
Basement 10-12 10-12 3 3 
 
The upper boundary of the model represents a paleo-seafloor, which is permeable and 
maintained at 15°C and with a seawater salinity of 3.6 equivalent wt.% NaCl.  The lower 
boundary is assumed to be impermeable to fluid flow but with a constant heat flux of 70 
mW/m2; the salinity along the bottom, determined by fluid inclusion data, is 22 
equivalent wt.% NaCl (Al-Aasm 2003).  The side boundaries are assumed to be 
impermeable, adiabatic and without mass exchange to the outside.  The initial 
temperature varies linearly with depth following the paleo-geothermal gradient of 
30°C/km (Bachu and Cao 1992).  Initial salinity is assigned to increase linearly with 
depth from the top boundary value of 3.6 wt.% to the bottom boundary value of 22 wt.%.  
Initial hydraulic head is assigned as a constant value of 4000m.   
 57 
 
3.3 Results and discussions 
Scenario 1: without considering salinity variations  
Similar to the simulations in Chapter 2, we start with fresh water model without 
considering salinity variations.  Figure 3.4 shows the temperature distribution at 1,000 
and 20,000 years, respectively.  It can be seen that thermally-induced buoyancy force is 
able to drive water upwards and heat the aquifer around the faults.  All of the faults serve 
as discharge pathways for the hydrothermal fluid flow.  At 20,000 years, the temperature 
within the aquifer nearby the faults increases to about 168ºC, which is in favor of the 
hydrothermal dolomitization.   
a) at 1,000 years  
 
b) at 20,000 years 
 
Figure 3.4 Temperature distribution at different times: a) at 1,000 years; b) at 20,000 
years. 
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Scenario 2: higher salinity distribution of 22 wt.% at bottom 
According to the study of paleo-hydrology in the PRA region (Bachu and Cao 1992), 
there was a high salinity distribution at depth, which is assigned as 22 wt.% at bottom in 
this model.  We assume the salinity at the top is equal to 3.6 wt.% and the initial salinity 
increases linearly with depth from the top of the model at 3.6 wt.% to the bottom at 22 
wt.%.   
As illustrated in Figure 3.5, the high salinity distribution at depth impedes the upwelling 
hydrothermal fluids and causes the cold seawater to move downwards along the faults to 
the basement.  This leads to a decrease in salinity and temperature in the faults and within 
the nearby aquifer.  These results are inconsistent with the interpretation of hydrothermal 
dolomitization.  The aquifer around the faults fails to reach a high enough salinity and 
temperature, and therefore cannot create an appropriate physical and chemical 
environment for hydrothermal dolomitization. 
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a) at 1,000 years  
 
b) at 20,000 years 
 
Figure 3.5 Salinity and temperature distribution at different times: a) at 1,000 years; b) at 
20,000 years. 
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Scenario 3: lower salinity distribution of 10 wt. % at bottom 
We now reduce the bottom salinity to 10 wt.% and assume the initial salinity varies 
linearly from the top of the model at 3.6 wt.% to the bottom at 10 wt.%.  All other 
parameters remain the same. 
With the lower salinity distribution at bottom, it can be seen from Figure 3.6 that the 
thermally-induced buoyancy force overwhelms the saline gravity and thus drives the 
saline water at depth to move upwards along the faults into the shallow aquifer.  The 
solute and heat are brought into the aquifer and participate in the convective circulation 
therein.  At 20,000 years, salinity and temperature within the aquifer nearby the faults are 
equal to 10 wt.% and 168°C respectively; and these results are in favor of hydrothermal 
dolomitization.   
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a) at 1,000 years  
 
b) at 20,000 years 
 
Figure 3.6 Salinity and temperature distribution (the minor faults’ width is 200m): a) at 
1,000 years; b) at 20,000 years. 
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Scenario 4: Increasing the minor faults’ width 
So far, we have assumed that the major fault has a width of 500m and the minor faults 
have a width of 200m.  We now increase the minor faults’ width to investigate how the 
fault widths affect fluid flow, temperature, and salinity distribution.  As discussed above, 
a salinity of 10% at bottom is in favor for hydrothermal dolomitization within the aquifer.  
We therefore use this salinity condition to address the effect of the minor faults’ width.  
When the minor faults have a width of 300m and 500m, numerical results are shown in 
Figures 3.7 and 3.8, respectively.  
It can be seen that all of the faults serve as discharge pathways for upwelling hot fluids 
no matter what the fault widths are.  With the increase of the minor fault widths, more hot 
fluids flow upwards along the minor faults into the shallow aquifer, leading to a small 
increase in temperature of the aquifer nearby the faults.  At 20,000 years, the temperature 
increases from 168.8 ºC to 171.6 ºC when the width increases from 200m to 500m.  
However, comparing Figure 3.6 with Figures 3.7 and 3.8 reveals that a change in width 
of the minor faults seems to have no significant effect on the general fluid flow pattern, 
temperature field and salinity distribution under the conditions assigned. 
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a) at 1,000 years  
 
b) at 20,000 years  
 
Figure 3.7 Salinity and temperature distribution (the minor faults’ width is 300m): a) at 
1,000 years; b) at 20,000 years. 
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a) at 1,000 years  
 
b) at 20,000 years 
 
Figure 3.8 Salinity and temperature distribution (the minor faults’ width is 500m): a) at 
1,000 years; b) at 20,000 years. 
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Scenario 5: reflux model with a high salinity of 22 wt. % at top 
Modeling results stated above indicate that high salinity distribution at bottom impedes 
the ascent fluid flow which is not supportive for hydrothermal dolomitization.  Now let 
us consider an opposite case, i.e., high salinity distribution at top.  In this scenario, 
salinity at the upper boundary is fixed at 22 wt.%, representing an evaporative condition 
of the surface seawater.  The initial salinity throughout the model domain is assumed to 
be 3.6 wt.%. 
As illustrated in Figure 3.9, the surficial saline fluids sink downwards across the top 
Banff-Exshaw formation into the Wabamun-Winterburn aquifer, especially along the 
permeable faults.  The hot fluids at depth flow upwards along the faults and form 
convections within the aquifer.  As time progresses, the thermally-induced buoyancy 
force overcomes the top high saline gravity and drives the fluids upwards, and 
consequently a series of convection cells develop within the aquifer.  At 20,000 years, 
salinity and temperature in the aquifer nearby the faults are equal to about 5 wt.% and 
168 °C.   
These numerical results are not supportive for hydrothermal dolomitization.  After 1,000 
years, the sinking seawater brings sufficient solute into the aquifer but results in low 
temperatures; after 20,000 years, the aquifer nearby the faults reaches high temperatures 
but holds low salinity.    
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a) at 1,000 years  
 
 
b) at 20,000 years 
 
Figure 3.9 Salinity and temperature distribution at different times: a) at 1,000 years; b) at 
20,000 years. 
 67 
 
Scenario 6: reflux model with a high salinity of 22 wt. % at top, but with less permeable 
minor faults 
We now decrease the hydraulic conductivity of the minor faults to 10-7 m/s, 2 orders of 
magnitude less than that of the large fault.  All other conditions remain the same as those 
in Scenario 5.  
As shown in Figure 3.10, once again the thermally-induced buoyancy force eventually 
conquers the top high saline fluid gravity, and thus leads to the upwelling flow along the 
faults and develops convection cells within the aquifer.  Since the major fault is wider 
and more permeable than the minor faults, more hot fluids tend to channel through it.  As 
a result, the curvature of the isothermal lines becomes greater nearby the major fault than 
that close to the minor faults.  However, the salinity within the aquifer nearby both the 
minor and large faults is less than approximately 6 wt.%, which is too low to form 
hydrothermal dolomitization. 
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a) at 1,000 years  
 
b) at 20,000 years 
 
Figure 3.10 Salinity and temperature distribution at different times: a) at 1,000 years; b) 
at 20,000 years. 
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Scenario 7: reflux model with a high salinity of 22 wt.% at top, but with less permeable 
and less penetration minor faults 
In this scenario, the three minor faults are assumed to penetrate only part of the model 
with a depth of 2500m.  All other conditions remain the same as those in Scenario 6. 
Numerical results are shown in Figure 3.11.  Clearly the major fault is the only discharge 
pathway, along which hot fluids ascend from depth; and all the three minor faults serve as 
the recharge conduits, along which saline fluids move downwards from the surface.  
Consequently, a series of convection cells develop within the aquifer.  In the aquifer 
nearby the major fault, the temperature reaches a high value of 169°C at 20,000 years, but 
the salinity has a low value.  In the aquifer nearby the minor faults, on the other hand, 
salinity reaches a high value but temperature is low.  These physical and chemical 
conditions are not supportive for hydrothermal dolomitization. 
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a) at 1,000 years 
  
b) at 20,000 years  
 
Figure 3.11 Salinity and temperature distribution at different times: a) at 1,000 years; b) 
at 20,000 years. 
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3.4 Conclusions 
Subsurface geological system is very complicated accompanying geological events.  In 
such a subsurface system many factors influence the diagenetic process of hydrothermal 
dolomitization during tectonic activity periods.  The scenarios described in this chapter 
represent possible paleo-geological settings, which certainly simplify the geological 
system in reality, but to some extent reflect the fluid system and diagenetic environment 
for dolomitization in the study area.    
Numerical simulation results indicate that faults play a critical role in controlling 
hydrothermal fluid flow.  During the active tectonic stages in the PRA, faults were open 
and served as preferential pathways for regional-scale fluid flow.  The upwelling fluids 
along the faults bring reactants and heat from underlying rock units at depth into the 
shallower aquifer; whereas the downward fluids via the faults cool the basement.  The 
width of the faults seems not to influence the fluid flow pattern, salinity, and temperature 
distribution, although the wider faults do allow more fluids to be channeled through them.  
During the simulation, the salinity distribution strongly controls the fluid flow patterns.  
With the comparison between saline fluids gravity and thermally-induced buoyancy, the 
higher salinity distribution (22 wt.%) at depth impedes the upwelling hydrothermal fluid 
flow and causes the cold seawater to move downwards; but the low saline fluids at depth 
(10 wt.%) could be brought upwards into the Wabamun-Winterburn aquifer by a 
thermally-induced buoyancy force, which is in favor of hydrothermal dolomitization.  
The evaporative conditions at surface allow high saline fluids to move downwards into 
the aquifer but prevent hot fluids flowing into it from depth.  
According to the prerequisite of hydrothermal dolomitization, high salinity and high 
temperature are required for diagenetic dolomitization.  However, our simulation results 
indicate that the Wabamun-Winterburn aquifer cannot reach both high salinity and high 
temperature simultaneously if only a buoyancy force is involved as a driving mechanism. 
An exception is the scenario with a salinity of 10 wt.% at bottom.  Thus the majority of 
the numerical results presented in this chapter are not in favor of the formation of 
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hydrothermal dolomitization in the PRA.  Other fluid flow driven mechanisms, therefore, 
need to be investigated.  
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CHAPTER 4 
Numerical Modeling of Mixed Buoyancy- 
and Topography-driven Fluid Flow within a 
Geologically More Complicated Model 
 
4.1 Introduction 
The Peace River Arch was an asymmetrical structure with a steeply dipping northern 
flank and a gently dipping southern slope.  By the end of the Devonian the total 
depositional thickness immediately to the north of the Arch was several hundred meters 
thicker than it was to the south (O’Connell et al. 1990).  The high elevation at the north 
part probably induced a regional southward fluid flow in the PRA.  Therefore, it is 
essential to incorporate topography-driven fluid flow into buoyancy-driven free 
convection that has been discussed in previous chapters. 
Groundwater flowing from higher-elevation recharge areas to lower-elevation discharge 
areas is induced by the so-called topography-driven fluid flow mechanism.  This type of 
flow system is commonly encountered in groundwater basins.  The main factors that 
control this groundwater flow are basin geometry, shape of the water table, and the 
distribution of hydraulic properties.  Topography-driven groundwater flow may be the 
most important fluid flow inducing mechanism on a regional-scale within sedimentary 
basins (Sverjensky and Garven 1992).  A topography-driven flow system can strongly 
influence the host thermal regime and result in temperatures depressed in recharge areas 
and elevated in discharge areas (Garven and Freeze 1984).   
This chapter aims at combining topography-driven flow mechanism with buoyancy-
driven flow mechanism to investigate how the topography-driven flow influences the 
thermal regime and fluid flow patterns in the PRA, and examine whether the combined 
mechanisms can lead to favorable physical and chemical conditions for the hydrothermal 
dolomitization.  
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4.2 Conceptual model 
As illustrated in Figure 4.1, the 2D conceptual model is constructed through modifying 
the previous model (Figure 3.1) in Chapter 3 by adding a surface topography at the top 
boundary.  To simplify the physics involved, the upper boundary is assumed a linearly 
sloping water table 0.001m/m or 0.0025m/m, on which hydraulic head decreases linearly 
from north to south.  
Figure 4.1 Conceptualized 2-D hydrostratigraphic model for the PRA. Elevation of the 
top boundary decreases linearly from north to south.  
The upper boundary is maintained at 15°C and with a seawater salinity of 3.6 equivalent 
wt.% NaCl.  The lower boundary is assumed to be impermeable to fluid flow but with a 
constant heat flux of 70 mW/m2; the salinity along the bottom determined by fluid 
inclusion data is 22 equivalent wt.% NaCl (Al-Aasm 2003).  The side boundaries are 
assumed to be impermeable, adiabatic and without mass exchange to the outside.  The 
initial temperature varies linearly with depth following the paleo-geothermal gradient of 
30°C/km (Bachu and Cao 1992).  Initial salinity is assigned to increase linearly with 
depth from the top boundary value of 3.6 wt.% to the bottom value of 22 wt.%.  Initial 
hydraulic head is assigned as a constant value of 4000m.  Some of these conditions will 
be adjusted in the following numerical case studies. 
Table 4.1 shows the major physical properties assigned to the faults and the host 
formations, which is exactly the same as those in Chapter 3.  
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Table 4.1 Major physical parameters of the faults and host strata units 
Strata 
Hydraulic Conductivity (m/s) Porosity 
(%) 
Thermal Conductivity 
(J/m s °C) Horizontal Vertical 
Fault 10-5 10-5 30 2 
Exshaw+Banff 10-7 10-9 20 2 
Wabamun 
+Winterburn 
10-5 10-7 30 2 
W+B+E 10-8 10-10 10 2 
Basement 10-12 10-12 3 3 
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4.3 Results and discussions 
Scenario 1: higher salinity distribution of 22 wt.% at bottom 
High salinity during dolomitization in the PRA has been determined with fluid inclusion 
data of 22 wt.% (e.g., Al-Aasm 2003).  The previous research from Bachu and Cao (1992) 
also showed that the salinity in the PRA was very high and could reach up to 26 wt.% 
during dolomitization.  However, the simulation results from Chapter 3 indicated that the 
higher salinity distribution at depth impedes the upwelling hydrothermal fluids.  This 
scenario is designed to test whether the above conclusion is still valid when topography-
driven fluid flow is incorporated into buoyancy-driven fluid flow. 
When the slope of the linearly sloping water table (i.e., the upper boundary) is equal to 
0.001m/m and 0.0025m/m, numerical modeling results are shown in Figures 4.2 and 4.3, 
respectively.  It can be seen that the topography-driven mechanism enables the surficial 
cold fluids to move downwards via the faults, and all the faults now behave as recharge 
conduits, which results in a drop of salinity and temperature in the faults and the 
surrounding aquifer. This is certainly not in favor of hydrothermal dolomitization.  In 
addition, a lateral fluid flow from north (left side) to south (right side) can be clearly 
identified within the aquifer formation.  
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a) at 1,000 years  
b) at 20,000 years  
 
Figure 4.2 Salinity and temperature distribution at different times (the water table slope is 
0.001m/m): a) at 1,000 years; b) at 20,000 years. 
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a) at 1,000 years  
b) at 20,000 years  
 
Figure 4.3 Salinity and temperature distribution at different times (the water table slope is 
0.0025m/m): a) at 1,000 years; b) at 20,000 years. 
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Scenario 2: lower salinity distribution of 10 wt.% at bottom  
We now decrease the bottom salinity to 10 wt.% and remain all other conditions the same 
as before.  If the water table (upper boundary) is perfectly flat, then the fluids flow 
upwards along all of the faults, as discussed in Scenario 3 of Chapter 3.  However, when 
the water table has a slope of 0.001m/m, at 1,000 years the two faults in the higher 
elevation area close to north behave as recharge conduits so that salinity and temperature 
drop down therein; whereas the other two faults still serve as discharge pathways and 
allow hot fluids to ascend into the aquifer.  At 20,000 years, however, the topography-
driven fluid flow impedes upwelling fluid flow, and the lateral migration becomes more 
obvious, as illustrated in Figure 4.4.  Figure 4.5 shows an enlarged view of the salinity 
distribution and fluid flow vectors within the aquifer nearby the minor fault TP (refer to 
the box inserted in Figure 4.4), from which significant lateral fluid migration due to the 
surface topography can be identified.  Salinity and temperature are equal to 10 wt.% and 
163°C, ideal for dolomitization.  When the upper boundary has a greater slope of 
0.0025m/m, numerical results are shown in Figure 4.6.  Clearly all the faults now behave 
as discharge pathways, which is not in favor of hydrothermal dolomitization.  
Therefore, the faults at higher elevations tend to serve as recharge conduits; whereas the 
faults at lower elevations tend to serve as discharge pathways that allow ascending basal 
hot saline fluids into the aquifer if the topographic slope is not too big, which favors 
hydrothermal dolomitization.  
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a) at 1,000 years 
 
b) at 20,000 years 
 
 
Figure 4.4 Salinity and temperature distribution at different times (the water table slope is 
0.001m/m): a) at 1,000 years; b) at 20,000 years. The inserted box represents a zoom-in 
area. 
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Figure 4.5 Enlarged views of salinity distribution (a) and flow vectors (b) at 20,000 years 
within the inserted box shown in Figure 4.4.  
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a) at 1,000 years 
b) at 20,000 years  
 
Figure 4.6 Salinity and temperature distribution at different times (the water table slope is 
0.0025m/m): a) at 1,000 years; b) at 20,000 years. 
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Scenario 3: reflux model with a high salinity of 22 wt. % at top 
Similar to Scenario 5 in Chapter 3, we now consider a reflux model with a high salinity 
distribution of 22 wt.% fixed at the upper boundary, representing an evaporative 
condition of the surface seawater.  The initial salinity throughout the model domain is 
assumed to be 3.6 wt.%.   
When the water table (upper boundary) has a slope of 0.001m/m and 0.0025m/m, 
numerical results are illustrated in Figures 4.7 and 4.8, respectively.  Similar to the 
numerical case study in Scenario 5 of Chapter 3, the surficial saline but cold fluids sink 
down across the top Banff-Exshaw formation into the Wabamun-Winterburn aquifer; 
whereas thermally-induced buoyancy force drives the hot but less saline fluids at depth to 
flow upwards along the faults into the aquifer.  Consequently, a series of convection cells 
develop within the aquifer.  The main role of the surface topography is to facilitate the 
sinking down of the saline fluids from the top, and it also has the convection cells 
stretched in downhill direction, especially with a greater topographic slope of 0.0025m/m, 
which is evidenced from comparing Figures 4.7 and 4.8 with Figure 3.9.  In spite of this 
effect from the surface topography, however, it seems that combining topography-driven 
fluid flow with buoyancy-driven fluid flow does not alter the fundamental results 
obtained in the previous numerical experiments.  In other words, the modeling results 
shown in Figures 4.7 and 4.8 are still not supportive for hydrothermal dolomitization.  At 
earlier stage, the sinking seawater brings sufficient solute into the aquifer but leads to low 
temperatures; while at later stage the aquifer nearby the faults reaches high temperatures 
but holds low salinity.  
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a) at 1,000 years 
 
b) at 20,000 years  
 
Figure 4.7 Salinity and temperature distribution at different times (the water table slope is 
0.001m/m): a) at 1,000 years; b) at 20,000 years. 
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a) at 1,000 years  
 
 (b) at 20,000 years  
 
Figure 4.8 Salinity and temperature distribution at different times (the water table slope is 
0.0025m/m): a) at 1,000 years; b) at 20,000 years. 
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Scenario 4: reflux model with a high salinity of 22 wt.% at top, but with less permeable 
and less penetration minor faults 
In this scenario, the three minor faults are assumed to penetrate only part of the model 
with a depth of 2500m.  Their hydraulic conductivity is also reduced to 10-7 m/s, 2 orders 
of magnitude less than that of the large fault.  All other conditions remain the same as in 
scenario 3.  
When the water table (upper boundary) has a slope of 0.001m/m and 0.0025m/m, 
numerical results are illustrated in Figures 4.9 and 4.10, respectively.  Clearly the major 
fault is the only discharge pathway, along which hot fluids ascend from depth; and all the 
three minor faults serve as the recharge conduits, along which saline fluids move 
downwards from the surface.  Consequently, a series of convection cells develop within 
the aquifer. In the aquifer nearby the major fault, the temperature reaches a high value but 
the salinity is low.  In the aquifer nearby the minor faults, the salinity reaches a high 
value but the temperature is low.  These results are very similar to those presented in 
Scenario 7 of Chapter 3 where buoyancy is the only driving force for fluid flow, and are 
not in favor of hydrothermal dolomitization.  Once again, the surface topography 
enhances the sinking down of the surficial saline fluids via the minor faults, and also let 
the convection cells be stretched in downhill direction.  However, it does not produce a 
fundamental change to the numerical results obtained from the free convective models.  
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a) at 1,000 years 
  
b) at 20,000 years  
 
Figure 4.9 Salinity and temperature distribution at different times (the water slope is 
0.001m/m): a) at 1,000 years; b) at 20,000 years. 
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a) at 1,000 years  
 
b) at 20,000 years 
 
Figure 4.10 Salinity and temperature distribution at different times (the water slope is 
0.0025m/m): a) at 1,000 years; b) at 20,000 years. 
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4.4 Conclusions 
This chapter has examined the thermohaline fluid flow driven jointly by topography and 
buoyancy forces.  Our numerical results indicate that the surface topography can certainly 
modify the thermohaline system established by buoyancy-driven flow mechanism, but 
does not produce a fundamental impact on the fluid flow pattern, heat transport and 
salinity distribution of the 2D conceptual model with the physical properties and 
boundary/initial conditions assigned.  
The majority of the numerical case studies investigated in this chapter do not result in 
proper physical and chemical conditions within the aquifer for hydrothermal 
dolomitization in the PRA.  An exception is the scenario that the lower boundary has a 
constant salinity of 10 wt.% and the upper boundary (water table) has a slope of 
0.001m/m.  In this case, the faults at higher elevations tend to serve as recharge conduits, 
and the faults at lower elevations tend to serve as discharge pathways that allow the hot 
and saline fluids to ascend from bottom into the aquifer where hydrothermal 
dolomitization may take place. 
The previous research indicated very high saline fluids (Bachu and Cao 1992) for 
hydrothermal dolomitization in the PRA.  However, whether the high salinity distribution 
occurs at depth or at surface, the fluid flow driven jointly by buoyancy and topography 
cannot bring solute and heat into the shallow Wabamun-Winterburn aquifer at the same 
time, which is necessary for dolomitization.  Therefore, the combined buoyancy- and 
topography-driven flow mechanisms might be not the main fluid flow driven mechanisms 
for hydrothermal dolomitization in the PRA.  There may be other fluid driven 
mechanisms, such as tectonic deformation, combined with buoyancy force responsible 
for the hydrothermal dolomitization in the study area. 
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CHAPTER 5  
Integrated Discussions and Conclusions 
 
5.1 Discussions and Conclusions  
This study has simulated numerically the thermal convection, the thermohaline 
convection, and the mixed thermohaline convection driven jointly by buoyancy and 
topography, which are thought to be related to the hydrothermal dolomitization in the 
PRA.  
Previous modeling work in the PRA by Ma et al. (2006) studied the buoyancy-driven 
thermohaline fluid flow only on a highly localized 2-D model simulating a E-W cross-
section.  Our research is unique and different from the previous work in the following 
three aspects: 1) we have conducted both local-scale and regional-scale fluid flow 
modeling with more sensitivity analyses, 2) we have chosen a S-N research profile, 
crossing many important hydrocarbon reservoirs, and 3) we have conducted for the first 
time mixed thermohaline fluid flow driven jointly by topography and buoyancy in the 
PRA, and no similar attempt has been made in the study area.  
Our numerical experiments indicate that faults play a critical role in controlling 
hydrothermal fluid flow.  During the active tectonic stages in the PRA, faults were open 
and served as important pathways for both local- and regional-scale fluid flow.  The 
upwelling saline fluids along the faults might bring reactants and heat from underlying 
rock units at depth into the shallower aquifer; whereas the downwelling fluid flow via 
faults could cool the basement.  Although the wider faults do allow more fluids to move 
along them and result in more temperature increases within the faults, it seems that the 
width of the faults does not influence the fluid flow patterns, at least for the regional-
scale models. 
The permeability of faults controls the amount of ascending fluids and the fluid flow 
patterns.  For the models with fresh water or low saline fluid, the faults with lower 
permeability allow less amounts of the fluids to flow upwards, which results in a lower 
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temperature increase along the faults and the aquifer nearby.  When the high salinity 
distribution occurs on the top of the model, the lower permeability of minor faults and/or 
shallower depth of fault penetration restrict the ascending hydrothermal fluid flow and 
decrease the heat transport.  
The salinity distribution also strongly controls the fluid flow patterns.  The higher salinity 
distribution (22 wt.%) at depth impedes the upwelling hydrothermal fluid flow and 
causes the cold seawater to move downwards because of the large contrast between saline 
fluid gravity and thermally-induced buoyancy; the lower saline fluids at depth (10 wt.%) 
could be brought upwards into the Wabamun-Winterburn aquifer by thermally-induced 
buoyancy force.  The evaporative conditions at surface allow high saline fluids to move 
downwards into the aquifer especially along the minor faults, preventing hot fluids 
flowing into it from depth.  
The topography would not strongly influence the fluid flow pattern compared to fluid 
flow induced exclusively by buoyancy force, except for the one with low salinity 
distribution of 10 wt.% at depth.  With the high salinity distribution of 22 wt.% at depth 
or at surface, the topography-driven flow mechanism only enhances the downward flow 
or solute sinking and induces the fluid flow with a southward trend within the aquifer but 
does not change the fluid flow patterns.   
According to the interpretation for hydrothermal dolomitization in the PRA, the 
dolomitization occurred at shallow burial depths, typically by the very saline fluids with 
temperature and pressure higher than the ambient host formations.  Our modeling results, 
which only considered buoyancy- and topography-driven flow mechanisms, largely do 
not support this theory of hydrothermal dolomitization, except the scenario with a salinity 
distribution of 10 wt.% at depth.  The high salinity distribution (22%) at depth impedes 
the upwelling hydrothermal fluid flow and causes the cold seawater to move downwards; 
as a result, the shallower Wabamun-Winterburn aquifer is in low salinity and low 
temperature.  The high saline fluids at surface move downwards into the aquifer under 
evaporative conditions, but prevent hot fluids flowing into it from depth; the aquifer 
nearby the faults is either in low temperature or in low salinity.  The topography-driven 
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flow mechanism enhances downward fluid flow or solute sinking, and induces the 
southward fluid flow within the aquifer, but does not change the fluid flow patterns when 
the high salinity distribution of 22 wt.% occurs at depth or at surface. 
The previous research from Bachu and Cao (1992) showed that the salinity in the PRA 
was very high and even reached up to 26 wt. % during dolomitization.  The diagenesis 
model proposed by Packard et al. (2001) for the Parkland field indicated that the hot 
saline fluids for dolomitization were from the basement, which is consistent with the 
simulation result with a salinity distribution of 10 wt.% at depth.  However, this study 
showed that the basal hot and highly saline fluids cannot be driven upwards into the 
shallow Wabamun-Winterburn aquifer by either buoyancy or topography or by both. 
Therefore, there must be other fluid driven mechanisms, such as tectonic deformation, 
combined with buoyancy and topography forces, responsible for the hydrothermal 
dolomitization in the study area. 
5.2 Future work 
The hydrological models investigated in this study did not consider a three-dimensional 
nature in reality, tectonic deformations, chemical reactions, and a development of the 
porosity and permeability during dolomitization.  In order to get a more comprehensive 
understanding of the hydrothermal fluid flow, the following work should be conducted in 
the future: 
1. Full 3-D numerical simulations. 
2. Thermohaline fluid flow coupled with tectonic deformation. 
3. Thermohaline fluid flow coupled with tectonic deformation and reactive transport 
model.  
In addition to its implications for dolomitization, hydrothermal fluid flow may also 
influence and even control hydrocarbon generation, migration and accumulation.  Further 
studies in this field will be of help to oil and gas exploration.  Therefore, numerical 
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simulations, integrated with petroleum geological methods, will be a new opportunity for 
petroleum geologists. 
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Appendix 1: Nomenclature 
 
 
f
iq
                          Darcy velocity vector of fluid 
h                           hydraulic head 
t                            time 
ix                          spatial variable, for 2-D system  zxi ,=            
sS                         specific storage coefficient 
QEB(C,T)        the term of extended Boussinesq approximation (FEFLOW Reference        
Manual) 
Qx                       source/sink function of fluid (x=ρ), of contaminant mass (x=C) and heat 
(x=T) 
C                          concentration of chemical component 
Cs, C0                  maximum and reference concentration 
∆C                       concentration difference 
ijD                       tensor of hydrodynamic dispersion 
R                         retardation factor 
ε                         porosity 
T                         temperature  
∆T                      temperature difference 
ijλ                       tensor of hydrodynamic thermodispersion 
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sf λλ ,                  thermal conductivity for fluid and solid, respectively 
f
o
f ρρ ,                fluid and reference fluid density, respectively 
sρ                       solid density 
sf cc ,                  specific heat capacity of fluid and solid, respectively 
µf                       constitutive viscosity relation function 
je                        gravitational unit vector 
f
o
f µµ ,                fluid dynamic viscosity and its reference value 
a                         fluid density difference ratio 
K                         isotropic hydraulic conductivity constant 
d                          thickness (height)           
Dd                        medium molecular diffusion coefficient of fluid 
β                         fluid expansion coeffcient 
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